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We investigated the charge/discharge properties, valence states, and structural properties of a nanoporous cathode material Li x Mn[Fe(CN) 6 ] 0.83 · 3.5H 2 O. The film-type electrode of Li x Mn[Fe(CN) 6 ] 0.83 · 3.5H 2 O exhibited a high charge capacity (= 128 mAh g −1 ) and a good cyclability (87% of the initial value after 100 cycles) and is one of the promising candidates for Liion battery cathode. X-ray absorption spectra near the Fe and Mn K-edges revealed that the charge/discharge process is a twoelectron reaction; that is, Mn II oxidization reaction while decreased during the Mn II /Mn III oxidization reaction. The two-electron reaction without structural phase transition is responsible for the high charge capacity and the good cyclability.
Introduction
Lithium ion batteries have aided the portable electronics revolution during the past two decades, and they are now being intensively pursued for transportation applications and the efficient storage and utilization of intermittent renewable energies like solar and wind. Therefore, nextgeneration electrode materials have been intensively explored in order to achieve a highly capacious, safe, environmentallyfriendly, and low cost Li-ion secondary battery. Especially, the automotive industry requires low-cost and highercapacious materials than the conventionally used transition metal oxides, for example, LiCoO 2 [1, 2] . LiFePO 4 with ordered-olivine structure is one of the most promising candidate cathode materials and is beginning to be applied commercially. The compound has one-dimensional tubes for Li insertion/extraction. Padhi et al. first reported that the charge capacity of LiFePO 4 was 100-110 mA h g −1 [3] . The Li insertion/extraction reaction in LiFePO 4 proceeds via the two-phase process, unless the particle size becomes below 40 nm [4] . In addition, the low electronic conductivity due to the ionic nature of the compound is considered to disturb high-speed charging/discharging. Therefore, other iron-based materials that exhibit reversible Li ion insertion/extraction reaction could be attractive electrode materials.
Prussian blue analogues [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , represented as 6 ] y · zH 2 O (A is an alkali metal ion, and M and M are transition metal ions), have nanoporous three-dimensional network structures. The film type of this series is studied as electrochromic materials [7] . Imanishi et al. firstly reported the charge/discharge properties of the Prussian blue analogues (M = V, Mn, Fe, Co, Ni, Cu, and M = Fe) [12, 13] In this paper, we present charge/discharge properties of the Na 4x MnCl 2 · 6H 2 O, and 1.0 moL dm −3 NaCl. Before the film growth, the surface of the ITO electrode was purified by electrolysis of water for 3-5 min. The obtained film was transparent with a thickness of around 1 µm. Chemical compositions of the films were determined by the inductively coupled plasma (ICP) method and CHN organic elementary analysis (Perkin-Elmer 2400 CHN Elemental Analyzer). The Li + was substituted for Na + by performing the Journal of Nanotechnology 
Experimental Section

Preparation of the Powder
X-Ray Absorption Measurements.
The valence states of the Fe and Mn sites were determined by the ex situ X-ray absorption spectra (XAS) around the Mn and Fe K-edge. The XAS measurements were conducted at the beamline 7C of KEK-PF. The XAS spectra were recorded by a Lytle detector in a fluorescent yield mode with an Si(111) double-crystal monochromator at 300 K. The background subtraction and normalization were done using ATHENA program [16] .
Powder X-Ray Diffraction Measurements.
The ex situ powder X-ray diffraction (XRD) patterns were measured at the beamline 8A of KEK-PF equipped with an imaging plate detector. The charged/discharged samples were washed with DEC and were carefully removed from the ITO glasses. The obtained powders were sealed in 300 µm glass capillaries. XRD patterns were measured at 300 K and the exposure time was 5 min. Wavelength of the X-ray was 0.77516Å. The lattice constants of each compounds were refined by the RIETAN-FP program [17] . respectively (vide infra). In the discharge process, electrochemical reaction takes place at 3.9, 3.6, and 3.4 V. After 100 charge/discharge cycles, the charge capacity remains high (87% of the initial value). We emphasize that the thinfilm electrode shows a prominent color change from brown to colorless in the discharge process. The color charge can be used as a battery power indicator without electricity consumption. We call such a battery as color battery. Figure 3 shows the charge/discharge curve of the film-type electrode of Li x Mn[Fe(CN) 6 ] 0.83 · 3.5H 2 O at the 2nd cycle. We electrochemically controlled the Li ion concentration (x) as indicated by the arrows. Figure 4(a) shows the Fe K-edge XAS spectra of charge/discharge process. The absorption peak energies (E) in the Fe K-edge spectra show clear blue shift with decrease in x (Figure 4(b) ). The blue shift is ascribed to the oxidization of Fe (low-spin Fe II → low-spin Fe III ) [ 10, 11] . We emphasize that the blue shift saturates below x = 0.46 (0.41) in the charge (discharge) process. Figure 5(a) shows the Mn K-edge XAS spectra of charge/discharge process. The shoulder peak appeared around 6553 eV in the small-x region. This new peak is ascribed to the oxidization of Mn (high spin Mn II → high-spin Mn III ) [10] . These data indicated that the oxidization of Fe takes place in the large-x region, while the oxidization of Mn takes place in the small-x region. Figure 6 shows the magnified XRD patterns during charge/discharge process. The lattice structure remains the face-centered cubic (Fm-3m; Z = 4) throughout the charge/discharge process. In the charge process, the reflection shifts to the lower-angle side above x = 0.76 while shifts to the lower-angle side below x = 0.46. In the discharge process, the reflection shifts to the lowerangle side below x = 0.41 while shifts to the higher-angle side above x = 0.64. , against x based on the XAS spectra. Figure 4 (b) shows peak energies (E(x)) in the Fe K-edge spectra against x. We note that the E(x) is nearly constant below x ∼ 0.5, suggesting that all the Fe sites are trivalent in this region. We ascribed the E(x) values at x = 1.32 and at x = 0.0 is to the Fe II and Fe III state. With assuming a linear relation between E(x) and the molar ratio, we obtained the formula Fe Figure 7 ), while the Fe II /Fe III reaction takes place in the largex region (x > 0.49). The first and second plateaus in the charge process (see Figure 3) Figure 8 shows the schematic illustration [18] of the crystal structure during the whole charge/discharge process.
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III /(Fe II + Fe III ) = (E(x) − E(1.32))/(E(0.0) − E(1.32)).
Conclusions
In summary, we investigated the charge/discharge properties, electronic states, and structural properties of the film-type electrode of Li x Mn[Fe(CN) 6 ] 0.83 · 3.5H 2 O. The film-type electrode shows a large capacity and a good cyclability and is a candidate for Li-ion battery cathode. The XAS clearly indicated the two-electron redox process of Fe and Mn. Nevertheless, the crystal structure remains cubic in the whole charge/discharge process. We ascribed the good charge/discharge property to the two-electron process without structural phase transition.
